Introduction
Nearly half of the world population relies on rice as a staple food source [1] . With climate change affecting the amount of agricultural land available, in conjunction with the growing population, increasing food production plays a vital role in reducing hunger worldwide [2] . In 2002, a draft of the rice genome was released, and rice became the first crop genome to be sequenced [3, 4] . The rice genome is about 380 million base pairs, and there are over 57,000 putative and confirmed genes in the japonica rice genome [5] . The rice genome has been instrumental for research leading to further understanding of other monocot species, such as maize [6] and barley [7] , as well as grass evolution in general [8] . The annotation of the rice genome is continually being refined with the discovery of new genes and transcription units, and improved understanding of known genes.
The phytohormone ABA plays a central role in the plant stress response system. ABA accumulates rapidly in response to stresses and mediates many biotic [9] and abiotic [10] stress responses that allow plants to survive under less than optimal conditions. ABA is synthesized in roots in response to decreased soil water potential and plays a role in root and shoot growth [11] . In leaves, ABA alters the osmotic potential of stomatal guard cells, causing the stomata to close, and preventing water loss through transpiration [12] . ABA also inhibits seed germination through the antagonism of the signaling pathway of the germinationpromoting hormone, GA [13, 14] . In addition to its role in germination, GA can also stimulate rapid stem [15] and root [16] growth, induce mitotic division in the leaves of some plants, and plays an important role in flower, fruit and seed development [17] .
The cells of the seed aleurone layer are involved in the germination pathway and are responsive to both ABA and GA generated by the embryo [14] . In addition, the aleurone cells are terminally differentiated and have a high degree of homogeneity [18] . However, RNA-sequencing (RNA-seq) analysis on this cell type has not been published before. Therefore, the transcriptome of aleurone specific genes remains to be revealed.
In this study, we investigated novel rice genes that are expressed in aleurone cells by RNA-seq. RNA-seq allows the analysis of gene expression on a transcriptome-wide scale. This is performed through extraction of mRNA, fragmenting and sequencing of cDNA, and mapping the resulting short reads to the rice genome [19] . Since RNA-seq does not depend on genome annotation for prior probe selection, and avoids biases introduced during hybridization of microarrays, RNA-seq is the method of choice for transcript discovery and genome annotation [20] . As such, RNA-seq has been used for transcript discovery in several species including planaria [21] , mosquitoes [22] , Drosophila [23] , Xenopus [24] , mice [25] , humans [26] , and rice [27, 28] . Here, the aleurone cells were treated with the hormones ABA, GA, and a combination of the two hormones. Short reads from the RNA-seq data resulting from these experiments were aligned to the genome using the Bowtie and Tophat alignment software [29, 30] . Results were compared to previously published data to confirm the quality of the data. Novel genes within the unannotated regions of the rice genome were identified using a combination of two methods, the well accepted Cufflinks assembly algorithm [25] in conjunction with a novel algorithm developed inhouse. The results were filtered via BLAST [31] search to remove potential novel genes that had high similarity to another genomic region to eliminate false positive results. Finally, the novel genes were analyzed Genomics 103 (2014) [122] [123] [124] [125] [126] [127] [128] [129] [130] [131] [132] [133] [134] for potential protein coding sequences, similarity to known primary microRNAs, and hormone regulation as detected by the RNA-seq analysis. The flowchart depicting the steps taken to identify these novel genes is shown in Fig. 1 .
The results of our study identified 553 potential novel genes, which show less than 25% similarity to another genomic region and have an expression level greater than 1.0 RPKM (reads per kilobase of exon model per million mapped reads). Of these transcripts, 302 showed homology to known protein sequences, based on BLASTX queries, and 124 showed a high level of homology to known plant primary microRNAs.
Results

2.1.
A large proportion of RNA-seq reads aligned to unannotated regions of the rice genome, indicating the presence of unidentified novel genes RNA-seq was performed on four samples: a control sample, and samples treated with ABA, GA, and a mixture of the two hormones. The results yielded a total of about 158 million reads across the four samples (Supplemental Table S1 ). The read count ranged from 37.5 million to 40.3 million reads per sample. In total, about 132 million reads (83.4%) were mapped to the rice genome via the Bowtie software [29] . About 10 million reads (8.4%) mapped to unannotated regions of the rice genome. There are several possible reasons why this may have occurred. These reads may have mapped to unannotated exons of neighboring transcripts. These regions may also belong to pseudo genes or inactive genes created by past gene duplication events and which share homology with actively expressed genes. It is also possible that reads aligned to these areas due to errors or DNA contamination. Finally, these reads may be derived from transcripts of undiscovered genes within these regions.
A combination of Cufflinks and a novel algorithm were used to identify novel genes in unannotated regions of the rice genome
Running Cufflinks on the pooled short read data of all our samples resulted in the identification of 95,620 transcripts. These transcripts included 57,617 currently annotated transcripts and 38,003 previously unannotated transcripts. To prevent novel exons of annotated genes from being classified as novel transcripts, the transcripts that were identified by Cufflinks that overlapped with currently annotated genes were not considered as novel genes. In order to exclude results which might be due to noise or trace amounts of genomic DNA contamination, only those genes with an expression level greater than or equal to 1.0 RPKM were included, leaving 1409 potential novel genes as detected by Cufflinks.
While Cufflinks has been well demonstrated for its capacity in detecting novel transcripts from an RNA-seq data set, we found that the software did not identify many unannotated regions of the transcriptome which were found to contain large numbers of reads. Read alignment to an unannotated region is indicative of an expressed novel gene. A novel algorithm for gene discovery was developed inhouse to confirm the accuracy of the Cufflinks software and to identify additional novel genes. This novel program scans the unannotated regions of the rice genome for mapped reads and measures the mapped area against a threshold, as described in the Materials and methods section of this article (Supplemental Fig. S1A ). Using this novel algorithm, 569 regions were identified as potential novel genes, ranging in size from 76 to 20,271 base pairs (bp). While examining the potential novel genes identified through the novel algorithm, we found a number of identified regions that showed a small number of narrow peaks with a high number of reads aligning on those peaks. A number of unannotated regions were found to contain large numbers of reads aligned to a region that was equivalent to less than three reads in width (Supplemental Fig. S1B ). It is likely that alignment of reads to these regions was due to the presence of a highly expressed gene or genes with a similar sequence, and that this region is not a novel gene. To eliminate inclusion of this and similar regions in the list of potential novel genes, we chose to use a footprint equivalent to the footprint of this region, 140 bp, as the minimum cutoff for consideration as a novel gene. One of the remaining genes was greater than 10 kb (20,271 bp) and may contain several novel genes. Separate analysis needs to be performed to identify potential individual genes within this region.
In order to eliminate the possibility that the identified novel genes are unannotated exons of neighboring genes, PERL scripts were written to scan for flanking junctions of the remaining novel genes. After eliminating possible false-positive results through these methods, a total of 356 potential novel genes were predicted by the novel algorithm.
Regions with high similarity to another genomic region were excluded as potential novel genes
Since Bowtie [29] aligns reads that match more than one position in the genome randomly to one of these positions, we recognized the possibility that many of the novel genes identified by Cufflinks may be corresponding to regions of the genome that are not expressed, but show high similarity to an expressed region. If this were to happen, the region that was actually expressed would show a decrease in measured expression over the actual expression level, and the region that was not expressed would appear to be expressed. Examples of potential novel genes that show such similarity are shown in Supplemental Table S2 Flowchart depicting the workflow of this study. This flowchart shows the logical sequence of this study, starting from the RNA-seq short read data, through the discovery of novel genes, prediction of protein coding sequences, microRNA prediction, and determination of differential expression by hormone treatment.
transposon protein. More than twice the number of reads align to OsNT10-38 than LOC_Os12g05700, which suggests that OsNT10-38 is expressed. Further experimentation must be performed to determine whether OsNT10-38, LOC_Os12g05700, or both are expressed. The predicted novel genes OsNT07-44 (chr07:26,386,827-26,389,003)  and OsNT03-38 (chr03:21,945,597-21,947,756) , which were also identified by both Cufflinks and the novel algorithm, are 99.5% similar to each other but share less than 10% similarity to another genomic region. Both genes have about the same number of reads aligned. While one or both of these genes may be an expressed novel gene, we have excluded both to prevent the possibility that either is a false positive result.
The predicted novel gene OsNT02-38 (chr02:33,647,022-33,648,205), identified by the novel algorithm, is 99% identical to an intronic region of LOC_Os09g26770 (chr09:16,259,839-16,261,025), a ribosomal L18p/L5e family protein (Fig. 2) . The alignment data suggest that the intron region of LOC_Os09g26770 is retained, since there are more reads aligning to the intron than to the identified potential novel gene. In addition, where there are differences in sequence between the two regions, few or no reads align to OsNT02-38, as can be seen by the locations of the black triangles in Fig. 2 . Further experiments need to be performed to confirm whether the intron is expressed or OsNT02-38 is expressed.
In all three of the above mentioned examples, further analysis must be performed to determine whether the predicted novel gene or its identical counterpart, which can be an annotated gene, another novel gene, or an intron, is expressed. Thus, we eliminated the genes that have a high similarity to another region of the rice genome as potential novel genes to reduce the rate of false positive results. This does not exclude the possibility that some of these genes are expressed novel genes.
Chromosome nine contains a large section with two annotated uncharacterized genes within a region of rRNA repeats
The novel gene OsNT09-01a (chr09:1137-9103) has 1,413,301 reads aligned and corresponds with the location of the 17S and 25S rRNA ( Fig. 3 ). A BLAST search shows that OsNT09-01a is 100% identical to the regions corresponding to chr09:9084-17,031 (OsNT09-01b), chr09:17,012-24,959 (OsNT09-01c) and chr09:24,940-32,887 (OsNT09-01d) and part of the region at chr09:32868-36815 (OsNT09-01e). The four regions (OsNT09-01a, OsNT09-01b, OsNT09-01c and OsNT09-01d) are tandem repeats of each other. Since the rice genome was assembled via random-fragment shotgun sequencing [3] , which uses overlapping fragments to generate the genomic sequence, the exact number of repeats of this rRNA region is not known and is potentially variable.
The region OsNT09-01b contains two annotated genes, LOC_ Os09g00999 and LOC_Os09g01000, both of which are putative expressed genes of uncharacterized proteins [5] . Since these are part of the rRNA tandem repeat area, it is likely that they are not protein coding genes.
OsNT09-01a is also highly similar to a region on chromosome 2. The region we named OsNT02-34 (chr02:28,709,481-28,716,116), has two distinct regions within it (chr02:28,709,481-28,711,172 and chr02:28,712,494-28,716,116). These two regions show 99% and 98% similarity to two distinct regions within OsNT09-01a, chr09:6767-8449 and chr09:1631-5254, respectively ( Fig. 4 ). Interestingly, these regions appear to be reversed; the 5′ region of OsNT02-34 shows similarity to the 3′ region of OsNT09-01a and the 3′ region of OsNT02-34 shows similarity to the 5′ region of OsNT09-01a. The black triangles in Fig. 4 indicate positions where the DNA sequences differ between the two genes. These differences correspond to low read depth in OsNT02-34. This indicates that the reads aligning to OsNT02-34 most likely have arisen from RNA transcribed from the rRNA region of chromosome 9. The similarities between these two regions of the rice genome are indicative of a past gene duplication and rearrangement event.
BLAST searches helped eliminate potential novel genes sharing sequence similarity with other regions
In order to eliminate potential novel genes with high similarity to another genomic region, the novel genes predicted by Cufflinks and the novel algorithm were subjected to a BLAST search against the rice genome. To calculate the percent similarity to another genomic region, the length of the longest BLAST match to the potential novel gene, other than itself, was divided by the length of the potential novel gene.
BLAST searches on the 1409 non-overlapping potential novel genes identified via Cufflinks were performed to identify the level of uniqueness of the genes in the rice genome ( Fig. 5A ). More than a third of the genes identified (537 genes) showed less than 25% similarity to another genomic region. These 537 genes were considered to be potential novel genes determined by Cufflinks due to their high expression level and uniqueness within the rice genome. BLAST searches were also performed on the 356 non-overlapping potential novel genes identified via the novel algorithm. Of the 356 novel genes, 124 showed less than 25% similarity to another region of the rice genome ( Fig. 5B ). The 124 genes which showed less than 25% similarity to another region, and passed all of the previous criteria, were considered to be potential novel genes determined by the novel algorithm.
Comparison of genes identified by each method reveals that the novel algorithm in conjunction with Cufflinks increases the reliability of gene detection
When comparing the regions identified by Cufflinks (537 genes) to those identified by the novel algorithm (124 genes), the novel algorithm identified 16 genes that Cufflinks did not identify. In comparison, Cufflinks identified 429 genes that the novel algorithm did not identify. Combining the number of genes identified by both methods gives a total of 553 novel genes (Supplemental Table S3 ). The size distribution pattern of the novel genes is generally similar to that of the annotated genes. The novel genes ranged from 140 bp to 22,181 bp, with a large proportion of the genes ranging between 0.5 and 1 kb (Supplemental Fig. S2 ). Similarly, there is a large peak in size of annotated genes within this range. As the lengths of the genes increases, their abundance declines in both the annotated and the novel genes.
Of the 16 potential novel genes identified by the novel algorithm and not by Cufflinks, 4 genes had a single read junction alignment that associated the potential novel gene to the adjacent gene. Cufflinks may have used this single read alignment to associate the gene with the adjacent gene. Using a single read to link a highly expressed region to neighboring gene may be premature, since a single read may be a result of mapping or sequencing errors or a trace amount of genomic DNA contamination. The remaining 12 genes had no flanking junctions or had a single read junction that did not extend to the adjacent gene. Three of these genes also showed no homology to another region in the rice genome. It is not clear why Cufflinks did not identify these regions as novel genes.
Close examination of 25 of the genes identified by Cufflinks but not by the novel algorithm reveals that the stringent requirements of the novel algorithm were the limiting factors. The novel algorithm is very conservative to avoid false positive gene identification, requiring several criteria: the distance from the nearest annotated gene must be greater than 5% of the unannotated region, the minimum read count must be 200 reads, and there must be no flanking junctions. These criteria greatly limit the number of genes identified by the novel algorithm. One of the 25 genes had a flanking junction and was eliminated by the novel algorithm. It is uncertain why Cufflinks considered this gene a novel gene. Another gene lay adjacent to a highly expressed gene that had read alignments that extended beyond the annotated region. The intergenic region analyzed by the novel algorithm included these reads, and the resulting novel gene was discarded due to overlap with the annotated gene. Four of the genes were within intergenic regions that contained multiple transcripts. The increased standard deviation of these intergenic reads prevented the novel algorithm from considering them. Seven genes had fewer than 200 reads and did not meet the minimum read requirement for the novel algorithm, but due to the small size of the genes, the level of expression calculated by Cufflinks was greater than 1.0 RPKM. The most common factor that Comparison of the sequences of OsNT09-01 and OsNT02-34 showed that the two sequences were highly similar. The region marked by a white bar on OsNT02-34 was found to be 99% identical to the region marked by the white bar on OsNT09-01. The region marked by a black bar on OsNT02-34 was found to be 98% identical to the region similarly marked on OsNT09-01. Black triangles underneath the read depth graph of OsNT02-34 indicate differences in the DNA sequences between the two transcripts. These differences correspond to low read depth in OsNT02-34. Read depth is determined from the cumulative reads of all samples. . BLAST searches of the novel genes identified by Cufflinks and the novel algorithm were used to determine the similarity of the potential novel genes to other regions within the rice genome. BLAST searches were performed to identify the level of uniqueness of the potential novel genes. Genes with high similarity to another genomic region may be remnants of past gene duplication events. (A) Of the 1409 novel genes identified by Cufflinks, 537 genes showed less than 25% similarity to another genomic region. (B) Of the 356 potential novel genes identified by the novel algorithm, 124 showed less than 25% similarity to another genomic region.
prevented the novel algorithm from identifying genes that Cufflinks found was the requirement for a minimal distance to the nearest annotated gene. The remaining twelve genes were too close to the adjacent annotated gene to be considered as a novel gene. Both the novel algorithm and Cufflinks identified novel genes that were not identified by the other method. The novel algorithm identified fewer genes than Cufflinks due to its stringent requirements. If the requirements of the novel algorithm were adjusted, it may be able to identify more novel genes. On the other hand, these requirements were put in place to prevent false positive results. Further improvement is planned for future versions of the novel algorithm to improve the gene finding capability without increasing false positive results.
2.7. RT-PCR and sequencing of a subset of novel genes confirmed the presence of transcripts from the genes Experimental verification of the novel genes was carried out by performing RT-PCR on a subset of ten genes that were shown to be highly expressed in the control sample. As shown in Supplemental Fig. S3 , bands with expected sizes were detected for all ten genes. The sequences of the PCR products matched those of the predicted novel genes. In some cases, the size of a PCR product (Supplemental Table S4 ) was much smaller than that of the corresponding novel genes ( Supplemental Table S3 ). This is because the length of the predicted gene listed in Supplemental Table S3 includes both exons and introns. Also, there appears to be instances of alternative splicing within the tested novel genes. For example, comparison of RNA-seq data and the sequence of the cloned cDNA indicates that the PCR product for OsNG03-04 represents a short isoform of its transcripts. For the six genes that contain introns, the sequencing confirmed the exon-intron boundaries, and the cDNA sequences corresponded closely with the expression regions revealed by the RNA-seq data. This supports the validity of the novel genes as transcribed units.
Confirmation of published hormone-induced genes shows the reliable quality of our RNA-seq dataset
While the statistics of the RNA-seq data show it to be of high-quality, to verify that the data followed expected patterns, we compared the expression patterns of known genes in our dataset to previously published results. We examined the fold change of nine known ABA inducible genes and eight known GA inducible genes, and compared the results to published expression levels [32] [33] [34] [35] [36] [37] . All nine ABA-inducible genes show ABA induction in our data set, ranging from 63 to 204 fold induction ( Supplemental Table S5 ). Comparatively, of eight α-amylase genes that had been shown to be induced in rice endosperm 5 days after imbibition [38] , seven were induced by GA in our data set by greater than 2 fold (Supplemental Table S6 ). The remaining α-amylase gene, RAmy3A, had a very low expression level in our data set and an accurate fold change could not be determined. This gene also showed a very low level of expression in the endosperm study [38] . Agreement of the RNA-seq data with the previously published data confirms its reliability for the identification of hormone induced genes.
A majority of the novel genes have predicted protein coding sequences
In order to determine if the novel genes are likely to contain protein coding sequences, BLASTX was used to detect open reading frames that produced similar sequences to those of known proteins in the NCBI non-redundant protein database. For regions that had overlapping exons, steps were taken to select the exon with the highest probability of being the correct exon (see Materials and methods section). For example, the novel gene OsNG01-41 (chr01:32,809,908-32,811,717) had seven exons predicted by BLASTX, as shown in Supplemental Fig. S4 . The exons spanning the regions from 301 to 537, 253-537 and 1199-1777 bp downstream of the predicted transcription start site (TSS) were all contained within another possible exon and were thus excluded from consideration. The exons spanning the regions 1085-1807 bp and 1082-1801 bp downstream of the predicted TSS both had e-values below 1 × 10 −4 ; however, the exons 1085-1807 bp downstream had more short reads aligned and was thus the more likely the expressed exon.
Of the 553 novel genes, 302 had at least one predicted amino acid sequence that passed all of the criteria. The predicted amino acid sequences ranged from 21 to 3761 amino acids. This indicates that the majority of the novel genes encode proteins with a certain degree of homology to known proteins. However, this analysis does not exclude the remaining 249 transcripts as non-protein-coding. These transcripts may encode proteins with low homology to the proteins in the NCBI non-redundant protein data base.
While the functions of the predicted proteins are unknown, the roles played by their partial homologous protein matches may give a clue to these functions. While GA and ABA are not known to be produced in aleurone cells, the predicted protein products of two novel genes, OsNG10-31 and OsNG10-36 showed partial homology to proteins that may play a role in ABA or GA biosynthesis. The predicted protein product of OsNG07-08 shows slight homology to a spliceosome subunit, indicating a potential role in aleurone-or hormone-specific alternative splicing. In addition, there are several partially homologous proteins that play roles in cellular respiration and the electron transport chain, cell growth, signaling, and transcriptional control.
The novel genes contain probable primary microRNA sequences
Some primary microRNA (pri-miRNA) genes are transcribed and the transcripts are polyadenylated, and can potentially be included with the pull down of polyadenylated mRNAs. To determine if our novel genes include potential primary microRNAs, we performed a BLAST search of the novel genes against the Plant MicroRNA Database (PMRD), a database of the known plant pri-miRNAs from 121 different species [39] . There were a total of 10,597 plant miRNA sequences in the database, which included 2773 rice miRNAs. We compared our 553 novel genes, via BLAST search, to the PMRD database and found that 124 of the novel genes (22%) showed similarity to at least one known pri-miRNA with an e-value of 1.0 × 10 −5 or less. Of the 124 novel genes that showed similarity to a pri-miRNA, 93 of them matched pri-miRNA from Oryza sativa. Of these 93 genes, 11 contained a sequence identical to a known pri-miRNA in PMRD, most of which existed within the intronic regions of the novel genes.
We also compared, via BLAST search, the 553 novel genes to the pri-miRNAs in miRBase, a database of over 17,000 distinct miRNAs from over 140 species [40] [41] [42] . Of the 553 novel genes, 72 showed similarity to an entry in miRBase, 39 of which were similar to a pri-miRNA in O. sativa. Of these 39 novel genes, 10 contained a sequence identical to a known pri-miRNA in miRBase. All 10 of these pri-miRNAs were also included in the PMRD database.
Since more of the novel genes showed similarity to the pri-miRNAs in the PMRD database, and all of the miRBase entries that matched the novel genes were contained in PMRD, we chose to further analyze the 124 novel genes that matched the PMRD pri-miRNAs. Of the 124 novel genes that contained possible pri-miRNAs, 70 transcripts were also predicted to code for proteins. There did not appear to be a preference for the direction of the predicted pri-miRNA in relation to the direction of the predicted protein coding sequence. Of the 70 transcripts, 32 pri-miRNAs were oriented in the same direction as the predicted protein coding sequence and 38 were oriented in the opposite direction. These latter transcripts may code for either a protein or a pri-miRNA. Alternatively, it may be possible that those pri-miRNAs that are oriented in the opposite direction of the protein coding sequence may produce miRNAs targeting the mRNAs produced from the opposite strand [43] . There were 54 transcripts that did not have a reliable predicted protein product but did have a match to a pri-miRNA. Overall, there were 356 transcripts, out of 553, that can code for either a protein or a pri-miRNA or both.
While elucidation of the function of these novel genes will require further investigation, hints to that function can be found by examining the targets of the matching pri-miRNAs. The novel miRNA genes were entered into the psRNATarget: A Plant Small RNA Target Analysis Server [44] , to identify their potential target genes. The targeted genes were then queried against the Rice Oligonucleotide Array Database [45] to determine the gene ontology of the targeted genes ( Supplemental Fig. S5 ). The largest single category of proteins potentially targeted by the novel miRNA genes was regulation of transcription (11%). This, in addition to high representation in the categories protein amino acid phosphorylation (8%) and transcription process (5%) indicate that many of the targeted genes are involved in regulation of gene and posttranscriptional regulation. Other categories include response to freezing and homoiothermy (6%) and defense response (5%). The category apoptosis comprises 4% of the targeted genes. This is to be expected, as apoptosis is involved in germination and is inhibited by ABA [14] .
Many of the novel genes show differential expression between hormone-treated samples
While the novel genes were detected by pooling data from all four RNA-seq treatments, many of them showed differential expression between the samples. By counting the number of reads that aligned to a particular gene on the control sample and comparing it to the number of reads that aligned to a hormone treated sample, the level of differential expression can be calculated. Version 6.1 of the MSU japonica rice genome contains 57,624 annotated genes. Our experimental data showed that 18,152 of these genes had a calculated RPKM greater than 1.0. Of these genes, there were 8684 genes that were induced at least 2 fold by one or more of the hormone treatments (Supplemental Fig. S6 ). Of the induced genes, 3893 genes were induced by ABA, 6512 genes were GA induced, and 5552 genes were ABA + GA induced. There were 1928 genes that were induced by all of the hormone treatments. In comparison, 3992 genes were repressed at least 2 fold by one or more of the hormone treatments. Of the repressed genes, 1604 were repressed by ABA, 2142 were repressed by GA and 2840 were repressed by ABA + GA. There were 600 genes that were repressed by all of the hormone treatments.
Many of the novel genes also showed differential expression between hormone treated samples. For example, the putative novel gene at locus OsNG02-37 (chr02:25,530,515-25,532,089) had a modest expression level of 7.2 RPKM in the control sample (Fig. 6A ). This potential novel gene is 90% unique in the rice genome and has a single putative exon. When treated with GA, the expression level of OsNG02-37 increased nearly 10 fold to 70 RPKM (Fig. 6C ). However, when treated with ABA, a modest repression was observed (4.8 RPKM) (Fig. 6B ). When both hormones were applied, the induction level was mediated to 4 fold over the control (28 RPKM) ( Fig. 6D) demonstrating an antagonistic response between ABA and GA.
Not all of the hormone-responsive novel genes showed antagonism between ABA and GA. Novel gene OsNG12-12 (chr12: 6,491,569-6,492,428), identified by both methods, is 81.2% unique in the rice genome. This potential novel gene consists of a single exon and was very highly expressed, with an RPKM of 1277 in the control sample ( Fig. 7A ). However, when treated with hormones, the expression level of OsNG12-12 severely dropped. The samples treated with ABA and GA showed 2.8 fold and 7.2 fold repression respectively (Figs. 7B and C). When both hormones were applied simultaneously, repression was cumulative, resulting in a 14.4 fold repression (Fig. 7D ). This is unusual, since ABA is well known for its antagonistic effects on GA signaling. Out of 553 putative novel genes identified, 440 transcripts (80%) showed at least two fold induction or repression in at least one hormone treatment. Of these genes, 273 (49%) were induced two fold or greater by at least one of the hormone treatments and 67 showed induction in all three hormone treatments (Fig. 8A ). On the other hand, 209 (38%) of the novel genes showed two fold or greater repression in at least one of the hormone treatments ( Fig. 8B ). There were 50 genes that were repressed in all three hormone treatments. While our RNA-seq data showed that many more annotated genes were induced than repressed, the novel genes showed a much less drastic increase in induced genes over repressed. This is surprising, as repressed genes are less likely to be detected by either gene finding algorithm due to lower pooled read count.
GA and ABA act in a largely antagonistic manner in relation to seed germination. We investigated the responses of our novel genes in relation to this antagonism and, surprisingly, found that most of the novel genes did not have opposite responses to GA and ABA (Figs. 8C and D). Of the 245 genes that were either induced by ABA or repressed by GA, only 14 genes (5.7%) occurred in both groups. Similarly, of the 151 genes that were either repressed by ABA or induced by GA, only 23 genes (15%) occurred in both groups.
Discussion
To detect novel genes potentially involved in the response of rice aleurone to the hormones ABA and GA, we performed RNA-seq analysis on data from control and hormone-treated RNA samples. Gene annotation was performed using Cufflinks and a novel algorithm. Cufflinks, in combination with Tophat, has been shown to give more accurate transcript annotation than other software packages [23, 25] . Despite the demonstrated usefulness of Cufflinks for novel gene annotation, large numbers of reads aligned to several unannotated regions of the rice genome that were not identified as novel genes by Cufflinks. Thus, a novel gene detection algorithm was developed. This novel algorithm was used to detect genes within unannotated regions based on the standard deviation of the read distribution within the unannotated region, the distance of the endpoints of the standard deviations from an annotated gene, and the lack of spanning reads mapped by Tophat. The novel genes identified through the two methods showed a high level of expression (RPKM ≥ 1.0), eliminating the possibility that the reads aligned to a region due to mapping or sequencing errors or a trace amount of genomic DNA contamination. The novel genes did not overlap with currently annotated genes and thus were not likely to be alternative splice variants of existing genes. In order to verify that they are not alternative exons of neighboring genes that failed to accumulate Tophat junction-alignments, we compared the hormone expression patterns of the novel genes with their nearest neighbor in all four treatments. A small number of the neighboring genes (58 genes) were induced or repressed under the same hormone treatments as the adjacent novel gene. However, the majority of the neighboring genes had either differing expression patterns (229 genes) or no detectable level of expression (259 genes). The remaining 7 novel genes did not have reads aligned to the control, however, all of the neighboring genes did have reads in the control sample, indicating a difference in expression patterns.
The novel genes showed less than 25% similarity to another genomic region, as determined by BLAST searches, eliminating the possibility of false positive results due to similarity to an actively expressed gene. Combining both methods of novel gene identification with BLAST search analysis greatly reduced the possibility of false positive results. BLAST can be used to determine the level of uniqueness of a transcript within the genome. For regions that are not unique due to past gene duplication and rearrangement events, current alignment software is incapable of determining the correct region where the reads originated, leading to false positive identification of novel genes. Gene duplication events may lead to inactive genes or pseudo genes. Pseudo genes may be transcribed to produce mRNA but may not be translated into functional proteins. However, for regions that are unique in the genome and have been identified as potentially novel genes, it is difficult to argue that these regions are not transcribed. While we discounted those possible novel genes that showed high similarity to another area of the rice genome, it is possible that some of these are still valid expressed genes.
Identification of these novel genes presents a question as to why they have not been annotated previously. First of all, many genes of the rice genome have been detected by extracting and sequencing full length cDNA from various tissues [46] . However, not all genes may be expressed at a detectable level in a given tissue, and some genes may only be detected in a given tissue under a specific condition. This leaves the possibility that many genes may go undiscovered. Novel gene detection in the aleurone layer of rice treated with germination regulating hormones has not been performed prior to this study. Because of this, we were able to identify many new genes. Second, software programs using gene models have also been used to identify genes in the rice genome. Various gene finding software programs, such as Eukaryotic GeneMark [47] , GENESCAN 1.0 [48] and FGENESH 2.0 [49] , have been used to identify transcripts within a genome. These programs identify patterns in the known genes and use these patterns to identify genes in unannotated regions. However, genes that don't follow traditional gene models may elude detection by these programs. For example, the novel gene OSNT03-06 (chr03:4,346,095-4,347,135) is highly unique in the rice genome and was identified by both the Cufflinks software and the novel algorithm. Visual inspection of this transcript showed an intron between two exons, based on read depth and the presence of an intron branching sequence ( Supplemental Fig. S7 ). The sequence of the gene was entered into the gene prediction programs mentioned above to determine if a predicted gene could be found. Only GeneMark.hmm predicted a gene within this region, however, the predicted mRNA consisted of two small exons. In addition, these exons did not coincide with the RNA-seq data, and the direction of the predicted mRNA was opposite that of the intron predicted from the branching sequence. Analysis of the highly expressed novel genes OsNT01-37, OsNT06-31, and OsNT06-34 showed similar results. There was no agreement between the deep sequencing results and the gene prediction programs. Previous works have used RNA-seq to find novel rice genes using different methods. Zhang et al. sequenced the mRNA of eight organs in the 93-11 cultivar of the indica rice subspecies and found 7232 novel transcriptional units [28] . Lu et al. performed RNA-seq on two-week old seedlings of the Nipponbare japonica as well as the Guangluai-4 and 93-11 indica rice cultivars [27] . Their analysis found 14,300 novel Transcriptionally Active Regions (nTARs) in japonica rice, 9043 of which were comprised of a single fragment. Fragments consisted of paired-end reads, 42 or 75nt in length, with continuous mapping and read depth of at least five times per base. Comparison of the nTAR fragment sequences to the sequences of the novel genes discussed in this paper revealed that, of the 553 novel genes, 315 contained sequences similar to those of at least one nTAR. Of these, most nTARs were much smaller than the novel gene; nearly half were less than 25% of the size of the novel gene. The proportion of novel genes that overlapped with nTARs and contained predicted protein or miRNA sequences, compared to all overlapping novel genes, was similar to the proportion of all novel genes that contained predicted protein miRNA sequences. Approximately 60% of the genes overlapping with nTARs contained predicted protein sequences, and approximately 24% contained sequences similar to those of pri-miRNAs.
During alignment of reads to the rice genome, Lu et al. ignored reads that had the capability of mapping to more than one position. While this removed the possibility that genomic regions might erroneously be assigned reads due to sequence similarity to an expressed region, it also may have led to an underrepresentation of expression in regions of genes that are similar to other genes, such as in highly conserved protein domain-coding sequences. As such, it is unsurprising that many of the nTARs are much smaller than the novel genes that are represented in this paper. Nonetheless, discovery of at least portions of these genes through multiple methods from independent sources supports the presence of transcriptionally active units within these areas.
In addition to potential protein products, many of the novel genes contained matched pri-miRNAs from PMRD. The ratio of pri-miRNAs to known genes in rice is 4.8%. Thus, the novel genes contain a larger proportion of possible microRNAs than the annotated genes in the rice genome. While the roles of the novel genes are unknown, insight into these potential roles may be gained by investigating the targets of the predicted pri-miRNAs and the roles of proteins partially homologous to the predicted protein products. Overrepresented ontologies of the predicted pri-miRNA targets include transcriptional regulation, cell signaling, temperature stress response, defense response, and apoptosis. Partially homologous proteins include those that play roles in ABA or GA biosynthesis and metabolism, alternative splicing, cellular respiration, transcriptional control, including control of transcription in relation to energy availability, cell growth, and signaling. Together, these hint at roles of the novel genes in gene regulation, post-transcriptional and post-translational modification, growth, and ABA and GA signaling.
The hormones ABA and GA are extensively studied, and their antagonism is well documented during many developmental stages. Many of the novel genes did show antagonistic responses, as shown in Fig. 6 , however, we discovered that many of these genes had cumulative induction or repression levels upon treatment of a combination of ABA and GA, as shown in Fig. 7 . While this goes against the conventional wisdom of ABA-GA antagonism, it has been shown that there are proteins, such as WRKY24, that repress the signaling pathways of both hormones [50] . Of the 553 putative novel genes identified, 273 of the potential novel genes are induced two fold or greater by at least one of the hormone treatments and 209 of the novel genes showed two fold or greater repression in at least one of the hormone treatments. There were 67 genes induced by all hormone treatments and 50 genes repressed by all hormone treatments (Fig. 8 ).
Conclusions
Through the analysis of RNA-seq data derived from rice aleurone cells treated with hormones involved in regulation of germination, we found 553 novel genes that are unannotated in the MSU rice genome version 6.1 [5] . Of these novel genes, 302 were determined to be potential protein coding genes and 124 were found to contain known primary miRNA sequences. Many of the novel genes showed differential expression when treated with the germination-regulating hormones ABA and GA. Of the 553 novel genes, 273 were induced at least two-fold, compared to the control treatment, when treated either with ABA, GA, or both hormones. A smaller number, 209, were repressed under at least one of the treatments. While it is often considered that ABA and GA work antagonistically, only 37 of the genes were induced by ABA and repressed by GA or vice versa. Future research on these new genes may help us better understand rice development and stress tolerance.
Materials and methods
RNA preparation and RNA-seq data analysis
Rice (O. sativa L. ssp. japonica, cv. Nipponbare) seeds were obtained from the USDA ARS, Dale Bumpers National Rice Research Center. Rice seeds were cut to remove the embryo. The remaining half-seeds were treated with a 10% α-amylase (Tokyo Chemical Industry Co) solution overnight to aid in the removal of the starch and isolate the aleurone layer. The resulting aleurone cells were treated for 4 h with 20 μM ABA, 1 μM GA, or a combination of 20 μM ABA and 1 μM GA. A mock treatment was used as a control. The rice aleurone was then flash frozen with liquid nitrogen and the total RNA was extracted via guanidium sulfate phenol chloroform extraction [51] . The RNA was then treated with Ambion's TURBO DNA-free™ DNase to remove any genomic DNA contamination. The TruSeq™ RNA Sample Preparation kit v2 was used to prepare the cDNA libraries. In brief, poly-T coated magnetic beads were used to capture mature polyadenylated mRNA. The mRNA was then fragmented using divalent cations under elevated temperatures. The fragmented mRNA was reverse-transcribed to cDNA using random primers and then amplified by PCR. The cDNA was then sequenced on an Illumina HiSeq 2000 system at the Huntsman Cancer Institute, University of Utah. The sequencing parameter of 50 base pair singleend was used. The Tophat [30] and Bowtie [29] software were used to align the short reads to the MSU rice genome Version 6.1 [5] .
Analysis for tRNA and rRNA contamination
The mRNA molecules were pulled-down from the total RNA by poly-T-coated magnetic beads, thus eliminating rRNA and tRNA. However, it is possible that some rRNA and tRNA molecules were pulled down along with the mRNAs since they may have stretches of poly-A or may adhere to the mRNA. To determine the level of tRNA contamination, the number of reads aligning to the tRNA genes was counted. Out of 323 tRNA sequences within the rice genome, 297 tRNA sequences had zero or one read aligning to them. Of the remaining 26 tRNA sequences, six tRNA sequences contained N10 reads. Of these, five were identical to a region of an expressed annotated protein coding gene, and the one remaining tRNA sequence showed 93% similarity to an annotated gene. The reads aligning to these tRNAs are likely derived from these genes, rather than the tRNAs themselves. The small number of reads aligning to the remaining tRNAs support a lack of tRNA contamination in our RNA-seq data.
For a given RNA sample, over 80% of the total RNA is rRNA, thus the retention and sequencing of even a small percentage of rRNA might represent a large proportion of the RNA sequenced. The genes for rRNA exist as an array of tandem repeats, and in plants there may be 150 to 26,000 repeats [52] . BLAST analysis shows that chromosome nine contains the coding regions for the 17S [53] and 25S [54] rRNA genes. There is a region on chromosome two that also shows high homology to the 17S and 25S rRNA genes. Counting the reads that map to these regions reveals that about 6.8 million (5.2%) of the 131.6 million mapped reads align to these regions.
Ribosomal RNA is not poly-adenylated and therefore should not be present in the samples. However, because there was such a high concentration of reads aligning to rDNA in the extracted sample, it appears that some rRNA was retained during the RNA-sequencing. This may be due to partial binding of the adenine rich regions of the rRNA to the oligo-T used to pull down the mRNA, or the rRNA partially adhering to the poly-adenylated mRNA fragments. The 17S and 25S rRNA regions show very low homology to the rest of the genome. The 6.0 million reads that aligned to the rRNA region of chromosome nine were remapped to annotated protein coding genes. Only 32 reads of the 6.0 million reads mapped to an annotated protein-coding gene. Therefore, though there is substantial rRNA in the samples, the effect on calculation of differential gene expression and novel gene detection is minimal.
Analysis for possible genomic DNA contamination
While the RNA samples used for RNA-seq were treated with DNAse to prevent DNA contamination, it is arguable that the presence of reads in unannotated regions may be due to such contamination. To rule out this possibility, we examined the reads aligning to the rice chloroplast genome and compared them to the reads aligning to the rice mitochondrial genome. Since aleurone cells are non-photosynthetic, they do not contain the high densities of chloroplasts one might expect from a photosynthetic cell, such as a leaf cell. However, they do contain plastids in the form of leucoplasts [55] , which also contain the chloroplast genome. Leucoplast gene expression is at a relatively low rate in rice aleurone [56] . In addition, RNAs produced by the leucoplasts are not expected to be picked up in our RNA-seq experiment. While evidence indicates that plastid RNAs undergo post-transcriptional processing [57] , most of these RNAs are not polyadenylated [58] . Thus, DNA contamination in our samples should show up in the presence of large numbers of reads preferentially aligning to the chloroplast genome. Of the 33,889,264 reads that mapped to the genome, only 323 reads mapped to the chloroplast genome. This represents a ratio of about 1 × 10 −5 chloroplast reads per read mapped. Thus, we conclude that genomic DNA contamination does not explain the large proportion of reads aligning to the unannotated regions of the rice genome.
Detection of novel genes through Cufflinks software
Cufflinks software [25] was used to assemble the reads into transcripts. The transcripts were compared to annotated transcripts to identify transcripts that did not map to current annotations. Transcripts with an RPKM expression value less than one were not considered due to potential sequencing error and statistical mapping error or a trace amount of genomic DNA contamination [59] .
Development of a novel algorithm to further detect novel genes
An alternative threshold analysis was used to identify potential novel genes to compare to the Tuxedo suite software. PERL scripts were written to identify clusters of reads that mapped to unannotated regions of the rice genome. The script calculated the mean and standard deviation of the midpoint of the reads. For unannotated regions containing at least 200 reads, if the region that included the mean ±2 standard deviations was completely within the unannotated region, and the distance from the nearest gene was greater than the threshold, the program selected the region as a possible novel gene (Supplemental Fig. S1A ). The threshold was the larger of 5% of the size of the unannotated region or 100 bp. This 5% threshold was chosen based on observation. A threshold less than 5% tends to select regions that are part of adjacent annotations. A threshold greater than 5% eliminates many potentially novel genes.
Elimination of potential false positive results from both gene detection methods
Potential novel genes detected by both methods were eliminated if the expression of the gene was below 1.0 RPKM. Previous research shows that cumulative genome coverage plateaus at 100 million reads [60] , and that additional reads do not significantly increase the genome coverage. To calculate the expression level of genes within 5% accuracy for genes with low expression (3 to 30 RPKM), about 80 million reads are sufficient [60] ; therefore, 132 million reads is sufficient for accurate determination of the expression level of genes to as low as 3.0 RPKM.
However, the expression level necessary to detect the presence of a gene can be lower than 3.0 RPKM. Previous studies have used the minimum expression level of 1.0 RPKM for gene detection [59, 61] . Expression levels below 1.0 RPKM may be affected by sequencing error, statistical mapping error, or a trace amount of genomic DNA contamination [59] . Therefore, we used a minimum expression level of 1.0 RPKM for novel gene identification.
The potential novel genes identified both by the Tuxedo suite software and the novel algorithm were compared to the rice genome using BLAST [62] to determine the similarity of the novel genes to other regions of the rice genome. The following parameters were used in the BLAST search: maximum expectation value (e-value) 1.0 × 10 −5 , word size 11, no filtering. As occurrences of "TATA" repeat sequences are overabundant in the rice genome, sequences of four or more tandem "TATA" repeats were removed from the novel genes and replaced by N's prior to performing the BLAST search. The UCSC Genome browser was used to visualize the results of the RNA read alignment [63] .
RT-PCR and sequencing of a subset of novel genes
Fifteen novel genes were selected for RT-PCR verification based on a high level of expression in the control treatment. Primers were designed from unique regions of the expressed region of the predicted novel genes ( Supplemental Table S4 ). Where introns were present, the primers were designed to span at least one intron. RNA was prepared from rice aleurone prepared in the same manner as that of the RNA produced for RNA-seq. The Qiagen Omniscript RT kit was used to reverse transcribe the RNA, according to the manufacturer's protocol. The novel genes were amplified from the resulting complementary DNA using KlenTaq LA, using the recommended typical PCR reaction mixture, with the optional addition of betaine. The cDNA was amplified using the following thermocycle: denaturing at 95°C for 8 min, followed by 40 cycles of denaturing at 95°C for 30 s, annealing at 68°C for 40 s, decreasing by 2°C per cycle for the first five cycles, and amplifying at 68°C for 2 min. Prior to sequencing, the amplified DNA was purified using the Qiagen MinElute PCR purification kit, using the manufacturer's protocol. The purified DNA was sequenced using the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA), followed by capillary electrophoresis on an ABI 3130 Genetic Analyzer (Applied Biosystems). The sequencing results were compared to the predicted novel gene sequence via BLAT.
Determination of potential protein coding sequences within novel genes
To determine the potential protein sequences of the novel genes, the DNA sequences were compared to the NCBI non-redundant protein database via the BLASTX search tool. BLASTX is a BLAST program that compares the six-frame conceptual translation products of a nucleotide query sequence (both strands) against a protein sequence database. The protein sequence with the highest percent match and lowest e-value was considered as the most likely protein product. Exons that had fewer than 10 reads or e values greater than 1.0 × 10 −4 were also excluded. If an exon was completely contained within another exon, the smaller exon was excluded to give better coverage of the novel gene. If exons overlapped but one exon was not completely contained within another, then the exon with the higher e-value was excluded. The exon with the lower e-value has the greater probability of being the correct translated sequence. If both exons had low e-values (b1.0 × 10 −4 ), the exon with more reads was selected.
MicroRNA analysis of novel genes
The primary microRNA database in FASTA format was downloaded from the Plant MicroRNA Database [39] . This database included all the experimentally confirmed and computationally predicted microRNAs from 121 different plant species. The 537 potential novel genes identified by Cufflinks were then subject to a BLAST search against the PMRD database and matches with an e-value less than 1.0 × 10 −5 were accepted.
The psRNATarget: A Plant Small RNA Target Analysis Server [44] , was used to identify the target genes of the novel miRNA genes. Target search was performed on the MSU Rice Genome Annotation, version 7. The target genes were queried against the Rice Oligonucleotide Array Database to determine their gene ontology category.
Differential expression calculations
Because each sample had a different number of mapped reads, the differential expression calculation was normalized based on the number of mapped reads in the sample. For example, the ABA fold change for novel gene i was calculated via the following equation:
where: F i is the ABA fold change for novel gene i; A i is the number of reads that aligned to novel gene i on the ABA treated sample; C i is the number of reads that aligned to novel gene i on the control sample; C r is the total number of reads in the control sample that mapped to the genome (31,186,982 reads); A r is the total number of reads in the ABA treated sample that mapped to the genome (32,961,116 reads).
Availability of data
The RNA-seq data is publically accessible at the Sequence Read Archive (http://trace.ncbi.nlm.nih.gov/Traces/sra/sra.cgi), accession number SRP028376.
RNA-seq data is also publically accessible for download from our website at http://shenlab.sols.unlv.edu/shenlab/.
The data can be publically viewed using the UCSC Genome browser on our website at http://shenlab.sols.unlv.edu/cgi-bin/hgGateway. Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.ygeno.2013.10.007.
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